Automobilesʼ negative impact on human health and welfare includes traffic-related deaths and injuries as well as the deaths and injuries caused by automobilesʼ contribution to climate change and other global environmental degradation. This paper explores solutions that both enhance vehicle performance and reduce environmental impacts, and focuses on demonstrating the ability of lightweight vehicles to provide such a solution. Some controversy exists around the question of whether lighter and more fuel-efficient vehicles can be as safe as traditional vehicles. Recent research reviewed in this paper indicates that several solutions exist that can both improve efficiency and thereby global safety, and maintain (or even improve) highway safety.
INTRODUCTION
The notion of "safety" in regards to automobiles has become more complex as global consciousness of climate changeʼs dangers has increased and the importance of automobiles in the climate change equation has become apparent (the Intergovernmental Panel on Climate Change (IPCC) 2007 report found that light duty vehicles are responsible for about 10% of all energy-related greenhouse gas emissions and trucks responsible for about 6% [IPCC 2007] ).
The predominant public belief is that the two "safeties" are inevitably at loggerheads: that changing cars to be much more efficient will inevitably compromise on-the-road safety (Hewlett 2006) . This argument has been especially apparent in recent debates on Corporate Average Fuel Economy (CAFE) legislation in the United States.
The statistics on automotive-related death are indeed harrowing: 43,000 fatalities in America last year, and more than 1.2 million worldwide (NHTSA 2007 , WHO 2007 . The statistics on climate-change-related death are harrowing too, although the relationship between climate change and death is often indirect and difficult to prove. The World Health Organization conservatively calculated that climate change caused 150,000 thousand deaths worldwide in 2000 (WHO 2002 ). The most recent reports from the IPCC predict that climate change could threaten more than two billion people with fatal water shortages, disease, famine, and moreorders of magnitude greater than the potential impact on human health as a result of automobile accidents (IPCC 2007) .
Sacrificing either highway safety or greenhouse-gas emissions goals would be both irresponsible and unnecessary. Several solutions exist that both enhance human safety (for automobile occupants and other road users) while reducing environmental impacts. Automakers and communities should pursue systems and technologies that improve all safety simultaneously instead of creating a situation that pits highway safety and greenhouse-gas emissions goals against each other. Several options already exist and are mentioned below. This paper will focus on one of the more controversial solutions to both safety problems: the lightweighting of automobiles.
Creating lightweight and safe automobiles is not always simple, but it is both necessary and possible. Our first section reviews options besides lightweighting that can enhance safety and efficiency. Our second section presents analysis demonstrating the value of lightweighting to improve vehicle efficiency. Next, we give an overview of the statistical literature for and against the claim that lighter cars inherently lead to more highway deaths. Finally, we review the feasibility of making lightweight and safe parts and full vehicles using several on-the-road examples from the U.S. and European automobile industries.
MULTIPLE SOLUTIONS EXIST
No one single approach can adequately reduce the potential dangers associated with automobile accidents as well as automobilesʼ environmental impacts. Many different, mutually beneficial, solutions exist. Some of the simplest solutions are presented below.
REDUCING HIGHWAY DEATHS AND EMISSIONS BY SPENDING LESS TIME ON THE ROAD
The first, most direct way to reduce the number of trafficrelated deaths while reducing automobilesʼ environmental impact is to have less traffic. This can take the form of more and better public transportation or communities whose design encourages less driving-or both. One study found that in the United States, using public transportation is about 1/20th as dangerous as using a private automobile and that the use of public transportation results in a net saving of 1.4B gallons of oil (APTA 2007). However, Americans are driving more often and farther as the population and suburbs expand. U.S. highway miles rose 21% between 1992 and 2002 (BTS 2003) , and in developing countries such as China and India, car ownership is expected to rise 67% over 2006 levels by 2010 (Chinanews 2006) . A combination of policy, green planning, transportation strategy, urban design, and individual education is needed to address the tremendous growth in driving on earth.
REDUCING HIGHWAY DEATHS AND EMISSIONS BY MAKING AUTOMOBILES SAFER AND CLEANER
Simultaneously making cars less dangerous and less polluting is complex, but again, several options do exist. One option is to improve vehicle maintenance, especially in developing nations. Proper and timely maintenance can ensure that cars do not emit more greenhouse gases and other pollutants than they were designed to; as vehicles age and parts like catalytic converters wear out, they release more harmful emissions. Maintenance also ensures that vehicles function as designed to protect their occupants.
Another viable next option is to reduce speed limits, or enforce the speed limits that already exist.
Other clever possibilities to reduce emissions while enhancing safety probably exist. But for the remainder of this paper, we will focus on lightweighting automobiles.
LIGHTWEIGHTING
Several barriers to lightweighting exist, such as the cost and effort of training automotive engineers and technicians to use the alternative lightweight materials, such as aluminum and carbon fiber reinforced composites (CFRCs), and ramping up production of hitherto modest materials industries. These challenges are being tackled by ongoing Rocky Mountain Institute (RMI) research and work and will be the topics of subsequent papers.
One of the most widely cited barriers to lightweighting is a possible compromise of safety. This issue has long been the source of years of discussion and controversy. During the past five years, however, several important studies were released and concept cars built that have helped educate decision makers and prove that lightweighting does not lead to a reduction in highway safety.
CLIMATE CHANGE: LIGHTWEIGHTING CAN SIGNIFICANTLY REDUCE VEHICLE EMISSIONS
Lightweighting vehicles can lead to dramatic fuel savings. RMIʼs extensive automotive research indicates that, in general, a 10% reduction in weight can lead to a 7% increase in fuel economy (Aluminum Association 2007). RMIʼs research also shows that when lightweighting is done aggressively, weight savings (and fuel economy gains) are compounded. For example, a car that is several hundred pounds lighter than a traditional model can get the same performance from a smaller engine. RMI research indicates that aggressive lightweighting of vehicles combined with advanced powertrain technologies such as plug-in hybrid electric vehicles (PHEVs) can significantly reduce greenhousegas emissions (see Figure 1 ). Figure 1 also demonstrates that even if the impact of the vehicle materials was eliminated entirely, if they were from completely recycled sources and used renewable energy for processing, the overall reduction in greenhouse gases would be less than the reduction achieved from lightweighting the typical sedan.
The typical and lightweight sedan data are taken from Argonne National Labʼs GREET model (GREET 2007); figures for the two PHEVs were ascertained using an RMI vehicle modeling and simulation tool that has been validated for numerous existing vehicles in conjunction with GREET automotive life-cycle analysis software. The graph shows that lightweighting is a powerful tool to reduce greenhouse-gas emissions on its own. Lightweigting becomes even more powerful when combined with advanced technologies like a PHEV powertrain because the petroleum savings are compounded and because the PHEV needs a much smaller (and less expensive) battery to meet performance needs. Table 1 gives proposed lightweight PHEV parameters. Certainly lightweight materials-such as aluminum or CFRCs and hybrid battery materials require more energy and emissions to produce per pound. However, the lightweight vehicle uses half as many pounds and has such large fuel savings that the extra emissions caused by the alternate materials are clearly outweighed by the emissions saved by halving the pounds that go into the vehicle and improving the use efficiency. Several other studies have confirmed that lightweighting will reduce a vehicleʼs lifetime greenhouse-gas emissions (ANL 1995, Dhingra 1999 , Schexnayder 2001 ).
If lightweight vehicles replaced every car in the world today, the most conservative estimate of improvement in greenhouse gas emissions from lightweighting (28%, from lightweighting with no power train changes) would lead to a ~5% reduction in world greenhouse-gas emissions and if instituted in the United States would reduce national greenhouse-gas emissions by ~7%. The greatest improvement estimate (57%, the lightweight PHEV with a California-type grid supplying electricity) could lead to a ~11% reduction in global greenhousegas emissions.
LIGHTWEIGHTING AND HIGHWAY SAFETY: STATISTICAL AND EMPIRICLE DATA INDICATE NO DANGER FROM LIGHTWEIGHTING
Determining the safety consequences of lightweighting vehicles involves two separate questions: first, is there a direct relationship between the weight of a car and the safety of the occupants? And second, do the materials necessary for building lightweight vehicles (aluminum, high-strength steels, and composites) have the characteristics required for building cars as safe or safer than traditional mild steel cars?
The former question has been the subject of far more controversy than the latter. This section will address both questions through a review of academic papers, technical reports, and the performance of existing examples of lightweight cars.
The Relationship Between Weight and Safety "Safety" can mean several things when discussing automobiles. First, it can refer to the "crashworthiness" of a vehicle, or the occupantsʼ chance of surviving a crash. Second, it can refer to the "crash avoidance" of a vehicle-the chance that a car will get into a crash. Third, it can refer to the "aggressivity," or the likelihood that the car will kill someone else in a crash.
Crash avoidance, the ability of the car not to crash in the first place, is largely weight independent so it will not be addressed in detail in this section. Crash avoidance is related to features such as agility, anti-lock brakes, and electronic stability control, etc.
When they think about crashworthiness, both consumers and those with more extensive involvement in automotive safety often revert to thinking in terms of "the laws of physics"-if a heavier object hits a lighter one, the lighter one will rebound farther/faster or suffer more damage. This kind of thinking is based on high-school physics lessons, where students are taught about collisions between objects like, say, a bowling ball and a billiard ball. Automobile accidents are quite different from simple collisions between balls.
First, cars are not simple, solid objects; they have crush zones and structural features designed to absorb impacts. In other words, length and design are more important than weight. While a light car does tend to experience a faster deceleration than a heavy car in a two-car crash, this is only one of several factors in determining occupant safety.
Second, fatalities are generally the result of one of the following events: intrusion of another vehicle or object into the passenger compartment, rollover, and failure of restraints (such as seatbelts or airbags) to keep passengers out of contact with hard parts of the vehicle (Wenzel and Ross 2006) . None of these events are related to the weight of the vehicle, but to the length, design, and safety features. For example, between 2000 and 2006, fatality rates in new SUVs went from 46 to 19 fatalities per million vehicles. That reduction was attributed to manufacturersʼ design changes, especially the lowering of the center of gravity and an increase in trackwidth (both trends related to the rising popularity of cross-overs) and they occurred without major changes in weight (Wenzel and Ross 2006 ).
Third, deaths from frontal collisions between two vehicles-the kind most applicable to the "basic laws of physics" argument-are becoming less frequent. In 1980 they were ~2,600 frontal-collision deaths/year, but by 2000, there were only 1,300 (Ross and Wenzel 2005) . This is due to improvements in safety design of vehicles. The following section outlines the most important research in the debate about weight and crashworthiness.
The most recent innovation in relevant research has been the disaggregation of the weight and size of a car in statistical analysis. These two metrics are often correlated (larger cars generally weigh more), but the best analyses have shown that size, independent of weight, matters more for safety. The weight of a vehicle is strongly correlated with aggressivity, but it is not correlated with crashworthiness or crash avoidance. (A more aggressive car is not safer, just more dangerous). This relationship has been discussed since the 1970s. At the Third International Congress of Automotive Safety several researchers (including first administrator of NHSTA William Haddon, Jr. and future Insurance Institute for Highway Safety President Brian OʼNeill) reported that:
"…for vehicles using the same roads these relationships suggest a crashworthiness design concept for the intervehicular crashes that regards increases in vehicle size as primarily protective, and increases in vehicle weight as primarily hostile, indicating the desirability of relatively sizeable but not heavy vehicles." (Public Citizen 2004) Since the ʼ70s, research has challenged this notion, and since the mid-90s, the debate has been renewed academically. The following section briefly describes the most important research on both sides of the safety versus weight argument.
Summary of the Debate
A handful of studies are cited in terms of major decision making. These studies, which support the argument that weight confers safety, are briefly summarized and major direct criticisms of them are offered below. Recent studies that argue that safety can be achieved independent of weight are listed in the next section.
The Weight Confers Safety Argument
The most prominent studies, and their criticisms, are summarized in the following pages.
Crandall and
Critics of Crandall and Graham. Wenzel and Ross (2006) pointed out that Crandall and Graham used data that include only four years where CAFE had been in effect, so fuel economy had improved little while weight had increased. Kazzhoum (1994) critiqued Crandall and Graham and reran their analysis using data from 1985 to 1989, which generated the result that increased car weight caused the number of fatalities in single-car crashes to go up. Ahmad and Greene (2004) reexamined Crandall and Grahamʼs studies using data from 1966 to 2002, and found that the statistics could not support the assertion that increased fuel economy has led to a greater number of traffic fatalities.
Evans (1992/1994/2004).
Studies by Evans largely focus on the positive relationship between change in momentum of the occupants of a vehicle and risk for injury or fatality. In 2004, he found that the likelihood for fatality increases as the mass ratio between vehicles in two-car collisions increases.
Criticisms of Evans. Wenzel and Ross (2006) criticized
Evans for, above all, not distinguishing between vehicle size and weight. They also criticized him for not distinguishing aggressiveness from protectiveness: "Using Evansʼ ratio, a car design that tends to kill others appears as a safety attribute!" Finally, they point out that deaths in two-car frontal crashes declined from 36% to 14% of all driver fatalities between 1980 and 2004. The decline was due to improved crashworthiness of cars from increased seatbelt/airbag use and improved frontal design, and because of the rising number of SUVs and trucks on the roads. Therefore, not only does Evans ignore the relationship between design and safety, he also irresponsibly draws sweeping conclusions from a shrinking segment of fatal crashes. Public Citizen (2004) A National Academy of Sciences panel asked to review the 1997 Kahane study was unable to endorse the quantitative conclusions of the report due to "the large uncertainties associated with the results-uncertainties related both to the estimates and to the choice of the analytical model used to make the estimates." Public Citizen (2004) criticized Kahane for not addressing the difference between size and weight. They also pointed out that in several places he himself finds a correlation between other factors, such as height of force and frontal rigidity and fatality (i.e., size and design), and was irresponsible not to follow these findings to their natural conclusion: a distinction between size and weight. These criticisms are mirrored in Wenzel and Ross (2006 Several studies, many mentioned above as critiques, have found that safety is a result of not weight but the size of a vehicle (wheelbase and track length are the most common metrics of size) and its design (including crash absorbing structures, center of gravity, and safety features such as seatbelts and airbags). The three most comprehensive studies are described below. (DRI) to redo Kahaneʼs study using more up-to-date data and investigate other factors related to safety. In the 2002 study, they looked at Kahaneʼs six types of crashes with the same controls and found that a weight reduction for all passenger cars and light trucks would result in a net decrease of two fatalities of the 37,633 in 1999, a statistically insignificant number. This result is due to opposing trends in the data: the passenger carsʼ reduction adds 34 deaths while light trucksʼ reduction subtracts 36, and 100-lb reductions increase fatalities in certain types of crashes and decrease fatalities in others.
Van Auken and
In the 2003 study, DRI disaggregated vehicle weight from size. They found that overall fatalities (fatalities of both the driver of the vehicle in question and others using the roads) increase as weight increases, and that they decrease as wheelbase and track increase. Since the weight and size are roughly correlated in traditional vehicles, these two opposing forces are almost exactly offset by each other and explain the statistical insignificance of the 2002 results. They concluded: "Therefore, based on these results...the number of traffic fatalities in the future could be reduced by decreasing the passenger vehicle fleet weight while maintaining the wheelbase and track constant." More specific interesting findings include that a 100-lb reduction in car weight (holding wheelbase and track constant):
1. Does not have a statistically significant effect on crashworthiness (the occupantʼs safety) in two vehicle crashes, 2. Decreases the number of fatalities (for both carsʼ occupants) in two-car crashes, 3. Does not have a statistically significant effect on crashworthiness and compatibility (total fatalities) in other types of crashes, and 4. Decreases the number of car-light truck crashes per induced exposure (improves crash avoidance).
A 100-lb reduction in light trucks, with the same constraints:
1. Decreases the risk of fatality due to crashworthiness in rollovers, 2. Decreases the risk of fatality due to crashworthiness and compatibility (for both trucksʼ occupants) in crashes with another light truck, 3. Does not have a statistically significant affect on light truck crashworthiness and compatibility in other types of crashes (for all road users), and 4. Decreases the number of hit-object crashes and crashes per induced exposure (improves crashworthiness).
These findings shed important light on the implications of weight reduction for specific vehicles, not the fleet as a whole. There is an emphasis on net fatalities in many of these studies because they were intended to inform highway safety policy makers whose interest is the overall safety of the population, not to inform individual consumers purchasing a car.
Van Auken and Zellner 2004/5 confirmed and refined their earlier studies, and responded to comments from Kahane.
Dynamic Research, Inc. also performed a study at the behest of the Automotive Aluminum Association. They modeled crashes of a "lightweight" SUV and an elongated SUV against baseline crash data. They found that a weight reduction in the larger of two vehicles in a two-vehicle crash, or an increase in frontal crush zone of the SUV, could reduce overall fatalities by 15-20%.
It is important to note that in Van Auken and Zellner 2002, and more explicitly in 2003, they refrain from endorsing their findings for weight reductions "much larger than" 100 lbs, and suggest further study be performed to confirm that the safety trends extend to large weight reductions. RMI is currently embarking on such research.
Robertson 2006.
Robertsonʼs research found that existing car models with the same turning radius (wheelbase) can have widely divergent weights and crashworthiness. He found that higher stability ratios, longer turning distance (wheel base), and "good" crashworthiness design are the most important factors to decreasing risk of fatalities. He found that if all vehicles were reduced to the lowest weight per wheelbase, traffic fatalities would have been reduced 28% (and fuel usage reduced 16%) for 2005. If all vehicles had crashworthiness and stability equal to those of the toprated vehicles in their wheelbase classes, more than half of traffic deaths could have been prevented.
Wenzel and Ross 2001/2002.
Wenzel and Ross broke down fatalities by driver of the vehicle in question, and driver/occupants of other vehicles involved in the collision by make and model. This approach showed that the class of a vehicle, and even the model, has a large impact on risk independent of weight. Specific findings include:
1. The safest midsize/large cars are as safe as the safest SUV for the driver. The average midsize and large cars are just as safe as the average SUV. However, SUVs impose the greatest risk for others, and have a 30-40% greater combined risk than cars. 2. Minivans are the safest class of cars, perhaps because of driver demographics, but also because they are built on a car chassis making them safer for their drivers and others. 3. The car-based Jeep Cherokee has a 20% smaller risk to its driver than the truck-based Cherokee. 4. Pick-ups are the least safe. They are also the most aggressive. Though pick-ups and SUVs are more likely to kill the other driver in a two-vehicle collision, that doesnʼt mean they are safer: pick-up and SUV drivers are more likely to die in stable-object collisions. These risks are substantially due to design.
ACTIVE SAFETY FEATURES: THE NEXT WAVE IN SAFETY DESIGN HAS NOTHING TO DO WITH WEIGHT OR SIZE
Government agencies and automakers are currently developing a new generation of "active" safety features. These are technologies that prevent cars from crashing in the first place, making weight an even more obsolete safety issue. They include lasers that monitor nearby traffic and lasers that monitor the driverʼs eye-lid position, to determine if the driver is getting sleepy. These active safety cars would take control of the vehicle if the driver started to make a mistake. Cars would be able to communicate with each other, thus managing the road safely. While these safety features are still in the experimental phase, the automotive industry is moving rapidly to explore and develop active safety features (SAE 2007).
In addition, a few active safety features are already widely in use. They include a feature that will soon be required in all vehicles: electronic stability control (ESC), which uses computer-controlled breaking of individual wheels to help the driver keep control in emergency situations where the driver would otherwise spin out or plow out. The National Highway Traffic Safety Administration predicts that ESC will reduce car crashes by 34% and SUV crashes by 59%, saving between 5,300 and 9,600 lives annually, around one-fifth of traffic-related deaths (NHTSA 2007 [2] ). None of the active safety features depend on weight.
SUMMARY OF WEIGHT AND SAFETY
Though determining a "safety" factor for a vehicle is complex, the most up-to-date research has shown that increases in size-not increases in weight-are directly correlated with safety, as is good design.
MATERIALS: CAN LIGHTWEIGHT OPTIONS MAKE THE SAFETY AND ENVIRONMENTAL CUT?
Extensive tests have been done to determine if lightweight materials can provide the same or better safety characteristics as traditional car materials. All these lightweight materials already exist in current, onthe-market cars that have passed American or E.U. safety tests. Little debate exists around the potential of these materials to perform as well as steel, given proper design. Many of these materials are currently used in conjunction with mild steel, or in conjunction with each other.
ALUMINUM: ALREADY WIDELY IN USE
Pound for pound, aluminum structures can be up to 2.5 times as strong as steel, and they can absorb up to two times as much energy in a crash (Larkin 2004 ). Aluminum also deforms more predictably than steel. The best example of aluminumʼs safety attributes is found in the Audi A8, an aluminum-heavy luxury vehicle. The A8 has the safest crash test ratings at 35 mph in its class. Aluminum use is growing in the automotive industry; it recently surpassed plastic to become the third most common material in cars (Aluminum Association 2007).
As part of the Partnership for the Next Generation Vehicle, Ford designed a 2,000-lb Taurus (a normal Taurus weighs 3,318 lbs) that relied on 733 lbs of aluminum to achieve much of the weight reduction. It passed all crash tests applicable to federal motor vehicle safety standards, and received scores similar to or better than the steel-bodied Taurus. According to a Ford Motor Company engineer, "Ford engineers now know that aluminum meets the same federal crash test standards as steel given the proper design and construction methods" (Larkin 2004 ).
A few other examples of aluminumʼs proven affect on safety:
1. Volkswagen developed the multi-material-designed CCO concept car. The frontal and side crash zones, mainly aluminum, passed safety standards (Friedrich 2003 ). 2. The Honda Insight, also all-aluminum, is 40% lighter than a steel counterpart and passed all safety tests.
ADVANCED HIGH-STRENGTH STEEL: GROWING IN USE
The use of high-strength, lightweight steel is growing in cars, often in conjunction with aluminum or composites as part of a multi-material design. Its safety has been proven by several studies and examples.
BMW has embraced different alloys of higher strength steel. The BMW 3 seriesʼ strength has gone from 178 N/mm 2 to 294 N/mm 2 as a result of the use of lighter steel alloys combined with some aluminum alloys and plastics. BMW uses baking and other treatments to further improve strength of lightweight steel (Pfestorf, et al. 2006) Fordʼs IMPACT program successfully redesigned an F-150 for 25% weight savings and no performance compromises (including safety). Fordʼs success relied mostly on the use of advanced and high-strength steels. About 60% of the innovations developed during the IMPACT program have made their way into production vehicles (Geck, et al. 2007 ).
A few other examples of high-strength steelʼs affect on safety:
1. Li, Lin, Jiang, and Chen found that, in simulation, high-strength steel replacements for key crashabsorbing vehicle parts led to no safety compromises (Li, et al. 2003 Researchers with the Automotive Composites Consortium performed crash tests with a composite vehicle (glass-fiber reinforced polymers, weaker than carbon fiber reinforced) in 1996. The car passed a 35-mph barrier crash test leading Alan Taub of Ford to remark, "This was the first demonstration that a composite front-end structure, designed for massproduction manufacturing, could display outstanding energy-management performance." And John Fillion of Chrysler Crop said, "There is no safety trade-off when you replace steel with a correctly designed composite part" (Ashley 1996 ).
The Automotive Composites Consortium (ACC), a group within USCAR, has continued research since 1996, building parts of out glass-fiber composites and refining them for optimized performance and manufacturing. Fiber-reinforced composites perform best when vehicle design is optimized for their characteristics (e.g., they are usually stronger in one direction than another). ACC is modeling the performance of carbon fiber composites in conjunction with weaker glass fiber composite parts, and continues to research other lightweight materials as well (FreedomCAR 2007).
BMW found that CFRP are the perfect replacement for parts that were formerly made out of sheet metal because of improved functionality. BMW did tests on a 1-mm steel sheet, a 2-mm steel sheet, and a 1-mm steel/carbon composite laminate reinforced profile. The composite resisted almost twice the amount of force that was required to bend the 2-mm steel (Pfestorf, et al. 2006) Other good examples of proven composite safety: 
CONCLUSION
Much research remains to be done on the implications of weight change and no individual vehicle can be deemed safe without the rigorous safety tests that the developed world has come to expect and that the developing world will soon expect as well. But the research and examples highlighted in this paper indicate that lighweighting automobiles can be a potent weapon against both climate change and traffic fatalities, and an important partner with the other policy and consumer choice solutions mentioned early in the paper. Consumer education to overcome past negative publicity about lightweight cars is a key part of this task. By working together, groups interested in each of these goals can achieve their missions and create a solution that, instead of sacrificing safety, protects more than either traffic safety advocates or environmental advocates could alone.
